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SUPERSONIC COMPRESSORS OR TURBINES

By Luwke L. Liccini
SUMMARY

Four 90° two-dimensional turning passages desligned by the method
of characteristics were tested at an Inlet Mach number of 1.71. The
measured losses varled from 5 to 15 percent of the iInlet stagnation
presgure. The smallest loss was obtalned for a passage in which
separation on the convex surface was minlmized through the introduction
of & favorable pressure gradient.

INTRODUCTION

Reference 1 presents several schemes of supersonic compressors,
one of which would give high values of compression ratic if supersonic
turning and diffusing problems related to the rotor and stator design
could be solved. TFor such a compressor, the stream enters the rotor
at a relative supersonic velocliy and undergoes a large change of
direction in the rotor. Leaving the rotor, the alr then enters the
stator at a high supersonic veloclity and is diffused in the stator to
subsonic velocity. A more detailed analysis of this type of compressor
is presented in reference 2. The analysis In reference 2 shows that
wilth a variable-geometry stator, a stage compression ratio of the
order of 6 to 10 may be o'b'ba.:lned. wlth an adiabatic efflciency ranging
from 75 to 80 percent, provided that & turning angle of the order of 90°
can be accomplished in the rotor without large losses for an entrance
Mach numbsr of about 1.70. In view of the Interesting possibilities
indicated by the analysis of reference 2, a preliminary Investigation
was coniucted at the Langley Aeronautical Laboratory 1in order to
determine criterions for the design of an efficient supersonic rotor
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passage employing & 90° turn. It may be noted that the problem of an
efficlent turm of this magnitude arisges also in the deslign of turbines
with relative supersonic entrance velocities.

In the present Investigation, four turning-passage deslgne having
different asrodynamic deslgn criterions were analyzed and tested by
mesne of. the statlonary cascade technique. For ths deslgn condlitions
of the rotor considered, all of the waves generated by the blades are
contalned inside the passage (reference 2), and no Interference exlsts
between different passages; therefore, In the cascade tests, only a
single passage was reproduced in order to simulate the conditions of
the rotor. For each passage, the velocity distrlbution and the losses
in stagnation pressure wers measured at the exlt. Because of the large
curvaturs, the boundary-layer effects were expected to be large; how-
ever, the nature and magnitude of these effects were not known before-
hand and were taken into conglderation as the tests proceeded.

Reference 2 shows that a compression in the roftor rather than an
expansion 1s deslrable. For some practical velocity diagrams, in rotor
passages with constant spen, the sxit veloclity is larger than the
entrance velocity; therefore, ae stated in reference 2, use of a
converglng ennulus 1s desirable to achlsve compressicn in the rotor.
For this reason, In this preliminary Investigetlon, tests were also
made In which the span was decreseing along the passage.

The analysis of reference 2 indicates that the posslblllity of
obtalning, at the starting condltions, variation of entrance velocity
and rotational speed of the supersonic compressor consldered depends
upon the flow In the vicinity of the sharp leading edge of the rotor
blade when a detached shock is present 1n front of the blade. Addi-
tional tests wers thus made with the blade set at high angles of attack
that may correspond to operating condltlione other then the design
condition. . S ] . ) o -

Because of the many variables involved and because nc provious
gimilar experimental results were avallable, thls investigation has
been directed toward understanding the general phenomena related to
the problem rather thaen toward developing specific blade deslgns. The
informetion obtalned, however, can be applied directly to blade designs
of practicsal Interest and can be used in different veloclty dlagrams
end for different valuse of turning angle.
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SYMBOLS
c - blade chord (fig. 1)
h distance between blades normsl to stream (fig. 1)
m mass flow
P statlc pressure 3
8 blade spacing (fig. 1)
b maximm thicknees of blade
A area normal to the stream
M Mach number
P stagnation pressure
v veloclty
a angle of attack, degrqeg
& deviation of flow from stream dlrection, degrees
T temperature (OF, absolute)

cfs solidity

t/c  thickness ratio

Subscripts:

o gbsolute inlet stagnation condition
1 entrance condition

2 exlt condltion

av average condition

A atmospheric condition .
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AERODYNAMIC DESTGN OF THE EXPERIMENTAL TURNING PASSAGES

In the design of a channel tc represent a blade paseage that can
be used In a supersonlc compressor of ths type discussed in the
INTRODUCTION, preoliminsry conslderations indicated that the following
requirements should generally be fulflilled for the design operating
conditions of the compressor: The alr that enters the paseage st
supersonic spsed must chenge direction very rapldly in order to aveld
high solldity ir the rotor blades; the shape of the convex and concave
surfaces of the passage must glve a blade shape of practical thickness;
the disturbances in the flow produced by the passage must be confined
inslde the passage; the exlt veloclty must be of the same order of
magnitude as the entrance veloclty, or posegibly emaller; and the blade
spacing at the entrance and exlt must be equal in order to glve sharp-
edge blades.

These requlrements impose some limltstions on the passage design
and also filx some of the parameters that must be Investlgated in a
further analyeis. For example, the blade chord relative to the blade
spacing (flg. 1) for a given turning angle i1s a function of the
difference in gtream veloclty between the two curved surfaces of the
passage, and the blade solldity decreases as the difference in strsam
veloclity between the convex and concave surfaces of the passage
Increases. The thicknesa ratlo of the blade correspondling to the
pagsage 1s a function of the curvature of the passage, of the velocliy
distribution along the passage, and of the stagger amgle.

Because the axial velocity 1s usually subeonic (subsonic flow in
front of the rotor) in all the passages consldered the convex surface
was deslgned parallel to the relative stream dlrection Iin the zone of
the leading edge. Only when the entrance velocity component 1n a
normsl direction to the plans of rotation 1s larger ‘than ths speed of
sownd can waves be produced at the leading edge of the convex surface.
If, therefore, & wedge of finlte physical dimensions is to be cbtalned
at the leading edge of ths blade, the concave surface at the leading
edge must be inclined to the undisturbsd stream dlrection. If no
disturbances are to be transmitted upstresm from the passage (the
disturbances 1n the flow produced by the passage must be confined
inside the passage), the shock must start at the leading edge of the
concave surface, and, therefore, must be lnside the passage.

In the deslgn of the turning passage, the characteristice system
wag used to determine the flow fleld In the passage. When compression
waves were introduced, the flow stlll was assumed to be potential flow.
This assumption was consldered justifled because the Mach number
variation in the passage was asmall In most cases.

REEN]
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The detailed considerations in the deslgn of the four turning
passages and wedge model investigated are discussed in the following
gections. The coordinates of the blades repressnted by the various
turning-passage models are glven in table I and the primary geomstrlcal
parameters of the blades sre summarized in table IT.

Model 1.- Model 1 was conseldered a preliminary design which could
be tested to give an indication of the basslc aerodynamic phenomena that
would aid in the development of succeeding designs. The turn was very
gradual and resulted in a rather thin blade which may be of 1little
interest for practlicel consideratlons.

Figure 2(a) presents the theoretical Mach number distribution at
the convex and concave surfaces as a functlon of the percent of chord
for model 1. In figure 3(a) the sams Mach number distribution is
glven as & fiumction of the surface angle along the passage.

The characteristics net for model 1 is shown In figurs 4. For the
deslgn of this model, the followlng arbltrary condtions were chosen:
At a design entrance Mach number of 1.71 the leading edge of the concawe
surface was designed to produce a 4° ghock; the leading edge of the
convex surface was desligned to be parallel to the stream direction;
compression waves were produced at the concave surface ani expansion
waves at the convex surface; the initial shock wave andi the subsequent
compresslon waves were reflected at the convex surface as expansion
waves; and the Intenslity of the expansion and compression waves was
fizxed in order to obtain a constant difference in veloclty between the
two surfaces corresponding to an eoxpansion from M =1.50 to M = 1.93.

Along the concave surface the velocity at the 12-psrcent-chord
station reached a minilmm of M = 1.50 and remained constant to the
83-percent-chord station. (See figs. 2(a) and 3{(a).) At this station,
expansion waves from the convex surface were neutralized. In this way,
the velocity at the 100-percent-chord station was Increased to M = 1.71.
At the convex surface the velocity was increased abt first and sttalned
a value of M = 1.99 gt the 23-psrcent-chord station and remained
constant to the 83-percent-chord station. From the 83-percent to the
100-percent-chord station only the compression waves from the concave
surface were neutralized, and the velocliy decreased to M = 1.71l. TI%
may be noted that the cross sectlon of the channel remained constent
from the 23-percent to the 83-psrcent-chord station. For the design
condltlions, the Mach number at the exlt was uniform and equal to the
entrance Mach number. The area ratio Ap/A; for this design condition
was 1.00.

In ordsr to Investigate the effecte of sm=sll positive and negative

pregsure gradients glong the passage, tests were made wlth different
area ratios ranging from 0.96 to 1.29. The ares ratios (and stagger
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englee) were varied by moving the concave surface in a direction
parallel to the wndisturbed stream; thue a gradual increase and
decreass was 1lntroduced 1n cross-sectional area along the passage.
Because the convex surface near the leadlng edge was parallel to
the stream directlon, the passage can be used for blade desigmns of
rotors wilth different veloclty dlagrsms. In flgure 5 some poesible
blade designs are shown, and the principal geometrlc parameters are
ghowna In table II.

Model 2.~ The characteristics net for model 2 1s presented in
figure 6. In order to increass the thickness ratio and decrease the
so0lldity as compered wlth those for model 1, the following dlfferent
design conditlons were chosen: A 10° shock instead of s 4° shock was
Introduced at the leadlng edge of the concave surface and thus more
expansion waves were introduced at the convex surface in front of the
shock in order to faclilitate the reflection of the shock; also, the
difference between the velocities at the two surfaces was made lerger
than. for model 1.

®
At the concave surface the Mach number behind the shock was 1.36

and increased to 1.50 st the 15-percent-chord station. (See figs. 2(Db)
and 3(b).) From the 15-percent-chord station to the 85-percent-chord
station the Mach number remsined constant. From the 85-percent to the
100=-percent-chord station the expansion waves ffam the convex surface
were neutralized, and the Mach number at the concave surface increased
to 1.77. At the convex surface, expansion waves were produced up to
the 17-percent-chord stetion where the Mach number reached a value

of 2.21. The shock from the leadlng edge of the concave surface met
the convex surface at thils etation, end the value of the Mach number
dropped to 1.64; however, more expsnsions were introduced bshind ths
17-percent-chord station, and the Mach number increased to a valus

of 2.12 at the 38-percent-chord station. From the 38-percent to

the T70-percent-chord station, the Mach number remained constant. ¥From
the TO-psrcent to the 100-percent-chord station, the compression waves
from the concave surface were neutralized, ani the Mach number decreased
to a value of 1.77. The design Mach number at the exlt was wniform and
was selected to be slightly larger than the entrance Mach number to
compenaate for the boundary-layer growth along the convex surface as
observed In teste of model 1. It may be noted that the cross ssctlon
of the chammel remsained constant from the 38-percent to the 70-percent-

chord station. For the design conditione the area ratio Ap/A; was 1.077.

Tests were made for various values of area ratio (ranging from 1.028
to 1.421), obtained in the seme mammer as for model 1. Also because the
convex surface was designed parallel to the stream direction in the
reglon of the leading edge, the passage can be usad for blade designs

of rotors with different veloclty dlagrems. In figure 7 soms possible
blade deslgns are shown, and the principal geometric parameters are

shown in tgble IT... ... _ . — o - i e el

con
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Model 3.- For models 1 and 2 the cross sectlon of the channel was
maintained about constant over a lerge part of the passage. In model 3
a contraction of the channel was introduced. This contractlon permltted
the thickness ratio of the blade to be increased and also Introduced a
Pavorable pressure gradient slong the convex surface in the region where
the flow tended to separate as observed 1In tests of models 1 and 2.

Phis pressurs gradient remainsd favorable until T0C turning was
accomplished. (See figs. 2(c¢) and 3(c).)

The characteristics net for model 3 1s presemted in flgure 8.
A 10° ghock was produced: st the lesding edge of the concave surface.
This shock was followed by compression waves, and the Mach number
decreaged to a value of 1.14 at the 20-percent-chord statlion and
remained constant to the 50-percent-chord station. (See figs. 2(c)
end 3(c).) From the 50-psrcent to the 100-percent~chord station the
Mach number was increased gradually to.a valus of 1.76 at the
100~-percent-chord statlon. At the leading edge of the convex surface,
a stralght sectlon was extended to the 5-percent-chord statlion, after
which expsnsions wers introduced and the Mach number increased to a
value of 2.13 at the 23~-percent-chord statlon. The shock wave from
the legding edge of the concave surface met the convex surface at
thils point, and the Mach number dropped to & value of 1.50. Morse
expansions were gredually introduced, and the Mach number increassd
to a meximum value of 2.0k at the 60-percent-chord statiom and then
gradually decreased to a value of 1.76 at the 100-percent-chord
gtation. The Mach number at the exlt was wmiform.

.In this deslign the blade has a much larger thickness ratio than
the preceding blades, and the sollidity is smaller. (See table II.)
The concave surface was not moved in tests of model 3. The design
area ratio Ag/Al 1s 1.208. Figure 9 illustrates a possible blade

desglign represented by model 3.

Model Lk.- Tf the expansion In front of the shock along the convex
surface 1s very large, the curvature of the blade increases, the
solidity decrsases, and the thickness ratio of the blade increases.
Model 4 was therefore designed to determine the effect of a large
Increass in thes initial rate of expansion and total expansion along
the convex surface ahead of the zone 1n which compreosslon waves
produced by the concave surface meet the concave surface and, therefors,
in this manner determine the effect of a large curvature on the
separation that was observed to occur in this zone.

The characteristics net for model 4 is shown in figure 10(a). In
model 4 a strong shock of 15° was introduced at the leading edge of the
concave surface that reduced the speed from M = 1.71 +to M = 1.35,

, and further compression reduced the Mach number to 1.07 at the
10-percent-chord station. (See figs. 2(d) and 3(d).) The Mach number
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then graduslly increased until, at the 100-percent-chord station, a
value of 1.75 wae reached. At the convex surface a strong expansion
was Introduced, and the maximum theoretical Mach number attained

is 3.70 at the 25-percent-chord statlom. In the actual flow a local
separation was expected to occur which would reduce ths local
expansion. The expansion wag followed by a zone of compression in
which the veloclity decreased to & valus of 1.70 at the 35-percent-
chord station. From the 35-percent to the 100-percent-chord statlion
the Mach number wae gradually increased to a value of 2.08, which
value 1s higher then. that necessary for the concave surface to
compensate for the sxpected large separation. In the actual case,
the boundary layer effectlively changes the curvature on the convex
surface, and, therefore, the expansion would be expected toc be less.

After the tests of the original conflguration (fig. 10(a)),
model 4 was slightly modified in order to decrease the zone of
gseparation obtained in the tests. In Pigure 10(b) the characteristics
net for the modifled conflguration tested is presented. In thils char-
acteristice net, a zone of local separatlon at a polnt ahead of the
phock reflection has been assumed In order to analyze the effects of
the separation on thea local expanslion in the zone ahead of the shock.
The maximum Mach number ahead of the shock at the convex surface
18 2.34 and decreases to 2.25 behind the shock slong the convex
surface. (See figs. 2(e)} ani 3(e).) From the 30-percent to the
80-percent-chord station the Mach number remalned canstant and then
decreased to a valus of 2.15 at the 100-percemt-chord station. The
Mach numbser after the compression (along the concave surface) was 1.0k
end then incressed to 1.9% at the 100-percent-chord staticn. Blade
profiles corresponding to the passage of figures 10(a} and 10(D) are
shown in figure 11l. ' ' ' ' i

Varlable-spen models.- Model 2 was used to investigate the effect
of a contraction of the annulus of the rotor In a spanwise directlon.
In the first configuration (shown in fig. 12) the falring introduced
along one side wall starting at the 30-percent-chord station gave a
gradual spanwise contractlon. The falring was so chosen that the area
ratio Ap/A1 was egqual to 1.00. A second falring conflguration
(fig. 13) was made in order to determins the effect of a spanwise
pressure gradlent such as would be expected in the actual rotor. In
this deslgn, the varlation of area along the passage was introduced by
filling one of the corners of the passage between the convex surface

and one side wall. This filling started at the 30-percent-chord station

end greduslly increased in size so that at the exit of the passage the

area ratio 32 = 1.016.
A

Model used for detached shock.- For some starting comdltlons of
the compressor scheme described in reference 2, variations In entrance

.
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velocity and rotational epeed may occur end, for a rotor passage such
as that considered herein, & detached shock will be produced in front
of the blade by one of the blede surfaces. TFor this case of debtached
shock, 1t 18 of interest to determine vwhether the velocliy at the other
surface of the blade, slong which expansion would occur, produces the
same order of Mach number that would exist if the shock wave were
attached at the lower surface. Previous experlence has shown this to
be the case for moderate flow deviations beyond that for shock attach-
ment (reference 3); however, no evidence is available as to whether
this result would hold for much larger flow deviatlion resulting In =
very strong detached shock; therefore, tests were made with a wedge
at high angtes of attack.

The concave surface block of model 2 was used in the tests of a
wedge with detached shaock. The upper surface of this block was
arbitrarily shaped for test convenlence. The lower surface was
designed in accordasnce with the previous explanation for model 2.

APPARATUS AND TEST METHODS

. The tests of the turming passages were made In one of the blow-
down jets of the Langley Gas Dynamlcs Sectlon. The apparatus consisted
of a nozzle and a model esgpeclally adapted to simulate the passage
between rotor blades. High-pressurs alr was throttled to ths deslred
stagnation pressure in the settling chamber and discharged through a
two-dimensional nozzle and a turning passage to the atmosphere. The
test section of this nozzle had a span of 2 Inches and a helght of
1.5 inches. A pressure survey made at the test sectlion Indlicated the
measured Mach mumber to be miform at a value of 1.71l. Figure 1k 1s
a photograph of model 2 mounted In the test setup. Figure 15 is a
more detaliled photograph of the same setup. Both photographks were
made with one side wall removed.

The models of the twrnlng passages were comstructed of two metal
blocks, each meparately supported to the side walls in such a way that
a change 1n the relatlve positions of the surfaces could be easily
o'bta.:Lned. by moving the concave surface. In the test setup, a "pleed-
oft" 1is provided at the entrance of the passage to prevent the
boundary layer at the top and bottom of the nozzle from entering the
passage. (See fig. 15.) The boundary layer along the side walls was
not eliminated and thus entered the passage. TIn the actual rotor,
bowmmdary lsyer exists at the surfaces between the roots and betwsen
the tips of the blade sectlons, which correspond to the side walls In
the caescade petup. The surface between the root sections rotates wlth
the blades, and it follows that the velocity component influencing the
boundary layer at thls surface 1s the same as was indicated by the

”
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cascade tests. The surface between the tlp sections does not rotate
with the rotor, and the velocity component influencling the boundary
layer 1s the axlael veloclity. In the cascade tests, however, the
veloclty component 1s the relative veloclty component, which 1s larger
than the axlal veloclty and, therefore, the boundary-layer effects of
the cascade tests are slightly exaggerated compared wlith those of the
actual rotor.

The variastion of Reynolds number of these tests was small and the
average value based on the chord of the passage was 9.16 X 10°. The
span of each turning pessage was 2 inches. The ratio of blade chord
to span was much greater than would be considered in the design of a
rotor, and, therefore, the effect of the boundary layer on the side
walle may again be somewhat exaggerated in these tests. A large spasn
wag not possible In the experimental apparatus used; however, the
large value of the chord facllitated the test measurements of the

aerodynamic properties of the pasgsage.

Conventional schlierem photographs end shadowgraphs were obtalned
of the flow along the passage in addition to the pressure survey at
the exlt of each passage. The pressure surveys for models 1, 2, and 3
were taken in & zone where the veloclty was expected to be wniform from
the nonviscous theoretical conslderations. The pressure sgurvey for
model 4 was tesken in a zone of nonuniform flow. The characteristics
net for model 4 was made without canceling the compreesion and expasnsion
waves because of the large expected boundary-layer separablon which
would annul any theoretical calculations of the flow.

In model 1 a survey of statlic and total pressures was made at one
station by uslng a fixed rake placed at the S50-percent-spen station.
It was found in teste of model 1 that the boundary layer collected in
the center of the span and that a single fixed rake could not be
expected to Indicate a sufficlently asccurate average of the flow In
the passage. TFor tests of model 2, the survey of static and total
pressures was made at two statlons by using two fixed rakes, one -
Placed at the 50-percent-span station, and one placed at the
10 .15-percent-gpan statlion of the passage. The positiom of the rakes
eandi a schematic drawlng of the setup for models 1 and 2 are shown in
figure 16.

Because of the uncertainty of the astresm directlon at the exit,
the statlic pressure for model 2 was also determined by placing the
static tubes at a slight inclination to the axis of the passage and
parallsel to the surface. No eppreciable difference was obtsined.
Because a large variation of stagnatlon-pressure recovery and of Mach

"number along the span was found In the tests of model 2, the survey
in models 3 and 4 was made st three spanwise stations. In order to
obtain pressure data close to the surfaces, two types of movsble rakes
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having opposlte positions of static- and total-pressure tubes were ueed,
together with the fixed rakes previously used. In this way, a larger
number of pointe were measured for sach statlon investigated, and a
more accurate measure of the spanwlise dlstributlion of pressure was
obtained. The position of the surveys for models 3 and 4 are shown In

Figure 17.

In all tests the valus of the static pressure at the entrance of
the passage could be changed by changlng the stagration pressure, and
since the flow of the passage discharges Into the atmosphere, compres-
sion or expansion waves can be produced at the exit of the passage by
changing the test ptagnation pressure. The sxlstence of campreasion
waves or expansion waves at the exlt of the passage can change somevwhat
the phenomena In the boundary layer upstream 1n the passage and also
the extent of the separation region. In practical applications for
gteady conditions the statlc pressure ocutelde of each section of the
rotor should probably be equal to the average static pressure at the
exit of the mection considered (reference 2). In the tests of models 1,
3, and h, the static pressure was therefore maintained sbout equat to
the average statlc pressure at the exlt. For model 2, some tests were
made with different values of exit pressure to determine the importance
of thls paramster. Because its value was not known before the tests,
the static prsssure at the exlt of the passage in a1l the testes of
models 1, 3, and 4 was not exactly equal to the atmospheric pressure.
The exit static pressure 1s a functlon of the exit Mach number, which,
relative to the theorseticel value, is influsnced by the boundary layer.
Before each test a preliminary estimate was made, and when the
difference between the estimated pressure and average final pressure
measured was large, the inlet pressure was adjusted to glve the correct
exlt pressure.

From the measured static pressure and the pressure Indicated by a
pltot tube, the local values of Mach number were obtained. The stag-
nation pressure was then determined from the Mach number and pltot-tube
pressures. The Mach number and stagnatlon pressure were used to
calculate the average Mach number and the average stagnation pressure.
The averags stagnation pressure and the average Mach number were
computed in reference to the unlt mass flow and are given by the
following expresslons:

1
P ==
25y m.JLQPE dm



1z L SRR - NACA RM L9GOT

In the test with two rakes, the averags valuss of Mech number
ratio and preesure rablo were computed with the mass flow, calculated
from measuremsnts at each rake, consldered as half of the total mass
flow. In the tegts wilith three rakes the mass flow messured by each
rake, used In the average calculation among the rakes, was considered r
ag a thlrd of the total mass flow.

The wedge used in the detached-sghock test wae the cancave surface
block of model 2 and was tested in the same experimental setup by
changling the inclination of the block with respect to the stream
direction. Pressure moasuremonts and shadowgraph observatlons of -
the flow were made along the upper surface of the block. The relation
between the upper surface, nozzle blocke, and blade shape, as well as
the general test setup, are shown in figure 18.

Model 2 was used for the test setup of the three-dimensional tests.
Two fixed rakes, one at the 50-percent-span station snd one at the . _
10.15-percent-apan station were uged for pressure measurements. The
planes of survey for these tests were the sams as for model 2, shown
in figure 16.
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RESULTS AND DISCUSSION

Model 1.~ Figure 19 shows the exlt Mach number distributlion along
the 50-percent-span station of the passage of model 1 for three

A
poslitlions of the concave surface correegponding to A—i = 1.197, 1.105,
and 1.012; figure 20 presents the local stagnatlon-pressure-recovery
distribution for the same three values.

The Mach number and stagnation-pressure distrlbutlons indicate
that, In the zone near the comvex surface, a separatlion occurs with
subsonic flow. Also, from the schlieren observatlions, waves were
found in the zome in which the pressure suwrvey indicstes & separation.
It appears, therefore, that a nonuniform veloclty distribution must
also be expected across the span of the passage as a result of the
boundary layer from the side walls; consequently, in tests of the
other turning passages, the survey was conducted 1n more than ons
spanwige plane. The data for models 2, 3, and 4 show that a velocity
gradient along the span doss exlst and that the boundary layer tends
to collect at the 50-percent-spen statlon. The midspen station 1s
thug the station at which the largest losses are expected, and 1t
follows that measuremente made at thils statlon do not represent the
average values for the passage. These results, however, do give a
conservative indication of the performence of this passage.

Figure 21 glves the ratio va (the ratio of the average exlt
A
Mach number to entrance Mach number) plotted sgalnst area ratlo A—i,
Pay

and flgure 22 presents the ratio B (the average exit stagnetlon

o
pressure to the entrance stagnation pressure) agailnst the area ratio -’%

M
These flgures show that the ratilo -—% Increases with Increase of arss
ratio %; whereas the stagnatlion-pressure recovery showed little varl-
Play
ation, the maximum value of —p— . Dbelng 0.84.
o

The resulte from tests of model 1 thus show that a flow at a Mach
nunber of 1.71 can be turned 90° with moderate losses in pressure
recovery when the exlt Mach number 1s of the same order as the entrance
Mach number.

Model 2.- The exlt Mach number dlstribution at the 50-percent-span
statlion and at the 10.15-percent-span statlon of model 2 at the design

o
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area retlo (;? = 1.07i> is shown In figure 23 for three different
1 . P
entrance statlc-pressure ratios El end, hence, for three different
A
conditions at the exit of the passage. The ratios of static pressure

D
of the stream to the atmospheric pressure P—l are 1.28, 1.0, and 0.85,
for the three conditions. A

Figure 24 presents the static-pressure distribution and the
stagnation-pressure-recovery distridbution at the 50-percent-span -
station for which the variations obtained for the three values of 5;

: A
consldered were larger then at the 10.15-percent-span station.
Figures 25 and 26 present the average exit Mach number and the
stagnation-pressure recovery at the two stations as functioms of the

P

area ratio %g for the three values of El congldered. These flgures
1 A

ghow that the average exlit Mach number varles considerably when the

oxlt conditions of the passages change. When the entrance static-

pressgure ratlo decreases or when Ei increases, the separaticn on the

convex surface increases and the Mach nurber decreases.

Figures 27 and 28 glve the average Mach number ratic and average
stagnation-pressure recovery for the three entrance static-pressure
ratlos plotted agalnst the area ratlo EE. The values In figures 27
and 28 are an average of the two statlions. Although the variation of
the entrance static pressure affects the exit Mach number a large amount,
the variation has 1little effect on the value of the stagnation-pressure
recovery. In flgures 27 and 28 a dotted line has been drawn that corre-

P
sponds to the values of fﬁfx and Pay for which the atmospheric
(o]

pregsure at the discharge 1s equal to the static pressure at the exlt

for model 2 shown

Po
of the passage. The average maximum value of Pav

o

p
in figure 28 18 about 0.90 and occurs at the highest value of Sl.
A

Shadowgraphs of the flow in the passage for model 2 are shown in
figures 29 and 30. Fram the shedowgraphs, the flow at the entramce of
the passage appears to be simllar to the flow glven by the thecretical
enelysis. At the exit, separatlion occure on the convex surface that
changes the veloclty dietribution in the spanwlse plane. From the
shocks on the total-pressure rake tubes (short tubes are at the
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10.15-percent-span station and long tubes are at the 50-percent-span
station) 1t is possible to determine that the separation zone 1is
thicker at the 50-percent-span station than at the 10.15-percent-span
station of the model (at the 10.15-percen*-span station the shocks are
extended nearer to the convex surface than at the 50-percent-span
station). These results are aleso shown from all the pressure distrl-
butions (figs. 23, 25, and 26), which indicate that the flow in the
passage ls far from two dimensional.

An explanation of the fact that the separated reglon tends to
collect at the midspan of the passage can be deduced from the comslder-
atlon of the centrifugal forces and the boundary-layer effects glong
the side walls (reference 4). TFor every sectlon of the passage a
negative gradient of velocity exists in the normal direction from the
convex surface to the concave surface. (See, for example, fig. 6.)

The negatlive gradient of veloclty corresponds to a positive pressure
gradlent, which, outside of the boundary layer, balances the centrifugal
forces. Because of the pressure gradient, the bowmndary lsyer on the
silde walls and on the concave surface, which has higher pressure, tends
to move in toward the convex surface; therefore, all the boumdary layer
tende to collect at the middle of the convex surface. A schematic
distribution of the boundary layer and the secondary flow involved is
shown In figure 31. A different phenomena occurs in the actual rotor
because centrifugal forces exist In the spanwlse direction out toward
the rotor blade tip and probably separation would tend to form near

the root of the blade.

Model 3.- Figures 32, 33, and 34 show the Mach number distribution,
the stagnatlon-pressure-recovery distribution, snd the static-pressure
distribution et the three spanwlse stations considered for model 3. At
the 50-percent-span station (fig. 32) the stream velocity temds to
decrease near the convex surface in a msnner slmilasr to that of models 1
and 2; however, for model 3 the stream remalns supersonlc near the
convex surface. The boumdary-layer thickness at thls spsnwise statlon
{shown by fig. 33) is approximately 0.30 inch from the convex surface.

A comparison of Mach number dlstributlion and stagnation-pressure distri-
bution at the 50-percent-spen station between model 3 (figs. 32 and 33)
end model 2 (figs. 23(a) and 24(b)) shows that model 3 has & much hilgher
velocity wlth smaller losses in preesure recovery near the comnvex swrface
then model 2.

The Mach number dlstributlon at the 25-percent-span statlion
(fig. 32) shows that near the convex surface a Mach number of 2.19 is
attalned which is the highest value obtalned for the three statioms.
At this statlon, therefore, no separation is apparent, and the thick-
ness of the bowndary layer 1s very smsll. The Mach number distribution
at the 10.15-percent~-span statlon (fig. 32) shows a value of Mach
number of 1.99 near the convex surface at the polnt correspomding o
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the value of 2.19 at the 25-percent~span station. The Mach number
distribution obtelned shows that near the convex swurface the velocltiy
iz still supersonlc and, therefore, no strong separation effects exist.

The stagnation-pressure-recovery distribution (fig. 33) at the
three gpanwlse statlions follows that Indlicated by the Mach number
distribution. The largest losses exist at the 50-percent-span station
near the convex surface. The losses are somewhat less at the other

two stations (fig. 33).

Figure 34 presente the static-pressure distribution at the three
spanwise statlons, and the statlc-pressure distributlon appears %o
follow the indicsations of Mach niumber and stagnation-pressure-recovery
distribution.

The stagnatlon-pressure recovery obtalned from the average of the
three stations for model 3 1s 0.95, end the corresponding averasge exit
Moo

My
gble gain In presesure recovery has been obtalned with the introduction
of a contraction in the passage and indicate that the introduction of
a favorable pressure gradient in the zome of large curvature (fig. 3)
heg a large and favorable effect on the boundary layer at the convex
surface snd causes a large reduction of separation. A shadowgraph for
model 3 ies presented in figure 35.

Mach number ratlo i8 1.06. These results show that an appreci-

Model 4 .- Figures 36, 37, and 38 present Mach number distribution,
stagnation~-preesure~recovery distribution, and static-pressure distri-
bution, respectively, at three spanwise stations for the original design
of model 4 corresponding to the passage considered in figure 10(a).
Figure 39(a) presents a shadowgraph of the flow. The results ghow that
a large zone of separstlon occurs at the three statlioms. The helght of
geparated flow 1s a maximum at the 50-percent-span statlion where large
losees exlst up to 0.80 inch from the convex surface (fig. 37). The
zone of meparation corresponds to large losses In stagnation pressure;
however, the veloclty in this zone 1s low and, therefore, the effect on
the average pressure recovery for wnit masse flow is not too large. An
averasge stagnation-pressure recovery of 0.88 was obtained with this

Mp
model, and the corresponding average Mach number ratio M:Y is 0.96.

Becsuse of the large curvature of the convex surface, separation
starts somewhat upstresm of the zome in which the shock from the concave -
surface meets the convex surface (fig. 39(a)). The separation temds to
contract the passage and reduces the local Mach number to values less
than 1.0. Tn order to avold this condition, a small chenge in stagger
sngle and curvature was Introduced In the model and the tests were
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repeated. The modifled passage tested corresponds to the design showm
in figure 10(b). The shadowgraph of flow in the modified passage
(fig. 39(b)) indicates that an increase of local Mach number was
obtalned in the zone of separatlon. The average exit Mach nimber

was 1.04 of the entrance Mach number. The separation was reduced;
however, no gain in pressure recovery was obtailned, and an average
value of 0.88 was measured also for this configurstion.

Varighle-span models.- The falring previously discussed and showm
in figure 12 reduced the area ratio of model 2 from 1.24 to 1.00. The
test results for model 2 with the fairing gave an average etagnatlion-
pressure recovery of 0.8% end a corresponding sverage Mach number ratio
of 0.80. These results are close to those obtained from the two-
dimenslonal tests of model 2 for the same area ratio (figs. 27 and.28),
end show that two-dimenslonal resulte can be used as a first-order
Indication of resulte to be expected for three-dimensional passages.

In an effort to simulate the large pressurs gradient along the
span In the same directlion as the pressure gradlient obtained in the
passage of & rotor, the-variation of passage cross section for the
second three-dlmensional test was obtained by filling one corner of
the passage (fig. 13). The spanwlse presgure gradlent in the rotor
depends primsrily on the rotatlonsl velocity; therefore, the intensity
of the pressure gradient in these tests (0.563 atmosphere per inch)
may be smaller than that for an actual rotor (1.0 atmosphere per inch)
but 1s an appreclable fractlon of that for an actual rotor. Becauss
the effect 1s Important only in the boundary layer and because 1t was
not possible for the experimental system to produce the dissymmetry
all along the passage, the filling of the corner was gradual (fig. 13).
The area ratio Ae/Al for this model was 1.016. For this condition an

average stagnation-pressure recovery of 0.85 with an average Mach

number equal to 0.90 of the entrance Mach number was obtained. These

results are also in good agreement wilith the results obtalined In the
Ap

two-dimensional tests at A_l = 1.016.

Wedge wlth detached shock.- A photograph of the setup for study of
the phenomena with detached shock is shown wlthout flow In figure L0,
The lower surface has a large inclination to the stresm dilrection, and

the deviation of the stream is larger than the maximum deviation for
shock attachment for the stream Mach number (at M = 1.71, Bpgx = 17.16).

At the upper surface an expanslion would be sxpected 1f no
detached shock were produced by the lower surface. The shadowgraphs
(figs. 41, b2, and L43) show the flow fleld for three angles of attack
equal to 29.83°, 35°, and 40.08° at the lower surface of the wedge,
and table IJTI shows a comparison of the Mach nmumber that would
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be obtained without the presence of detached shock and the Mach number
measured from the total-pressure and the statlc-pressure distribution
along the upper surface, The shadowgraphs show that separation simllar
t0 the subsonic separation found for wedges Iin a subsonic stream exiets
wilth a vortex localized at the leading edge behlnd the detached shock.
The separation is localized and the stream reattaches at the surface,
an expansion ls produced, and the local speed &g&ln becomes supersonlc.
The results of reference 3 indicate that, with normal shock close to
the leading edge, the flow 1s still attached. The values of theoretical
and meagured Mach numbers in table ITI show that the presemce of strong
detached shock does not change appreciably the flow along the upper
surface for the range of angles of attack tested

CONCLUDING REMARKS

In order to turn a supersonic stream through a large angle 1n a
passage of practical dimensions, the speed along the convex surface of
the pessage must be increased considerably with respect to the speed
along the concave surface of the passage. If the statlc pressure at
the exit 1s equal to the static pressure at the entrance, a compression
of the Plow mist occur at the convex surface ahead of the passage exit
and an expansion at the concave surface. The conditlons for separation
of the boundary layer deperd to a large extent on the magnitude of- the
positive pressure gradient and the curvature of the convex surfacs.

The possibility of meparation increases if the exit statlc pressure
is larger then the entrance statlic preesure and decreases for the
opposite condition. The prevention of separatlon of the houndary
layer at the convex surface 1s made more difficult by the necessilty
of having a shock at the leadlng edge of the concave surface because
this shock meets the convex surface in the reglon of large curvature.
The boundary-layer separatlon can be minimized by introducing a
favorable pressure gredient along the convex surface in the zone of
large curvature behind the shock.

Of the four 90° turning passages tested, the highest pressure
recovery wasg obtalned with a passage in which a favorable pressure
gredient along the convex surface was Introduced behind the polint of
ghock reflection. A large contractlon of the passage was used 1n
order to permit the introduction of the favorable pressure gradlent.
The pressure loss for this design was 5 percent of the inlet stagnation
pressure for a ratio of entrance to exit Mach number of 1.06. The
paseage conbtour corresponds to a practical compressor rotor blade
having a thlckness ratlo of 0.12 and a solldity of 3.1. .

Teste which were made to Investigate the flow behind a detached
shock at the leading edge of the concave surface ¢f a turning passage
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indicete that the flow at the surface on which expansion occurs is not
changed appreciably by the presence of detached shock. (For an angle
of attack of 40.1° the theoretical Mach number is 2.47 and the measured
Mach mumber is 2.62.)

Tangley Aeromautlical Iaboratory
Rational Advisory Commlittee for Aeromautics
Langley Alr Force Bese, Va.
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TABLE I

ORDINATES OF BLADNES TESTED

; Model 4
Model 1 Model 2 Model 3
Station |(percent chord)|{percent chord)|(percent chord) Original Modified
{ percent : (percent chord)|{percent chord)
chord) | Upper | Lower | Upper | Lower | Upper | Lower
maface | eurface | purface| surface| purface| surface | Upper | Lower | Upper j Lower
surface!|purface | surfaceisurface
0 0 0 0 0 0 0 0 0 ) 0
5 4,95 b5k | L62 | 3.32 1 5.0 7 3.7L | 6.8L | 5.22 | 6.55 | k.oT
10 9.78 | 8.7 | 8.70 |. 6.6 [ 10.45 | F.08 [12.61 | B.8% |12.20 | 7.62
20 17.79 { 15.83 1 15.55 | 12.09 | 20.65 | 12.74 {21.30 !1k.kg |20.05 {12.%
30 23.06 | 19.83 { 19.66 | 15.63 | 27.04 | 16.66 (25.65 [17.39 [25.84% |15.85
Lo 26.21 | 22.23 | 22.0k | 17.99 | 30.50 | 19.13 |27.54 [18.70 |28.20 {17.38
50 2714 | 23.30 { 23.04 | 18.8 | 30.9% | 19.81 |27.54 |18.70 |[28.56 |17.68
26.55 | 22.33 | 22.48 | 18.28 | 28.77 | 19.20 [25.07 |17.10 |26.52 |16.h6
70 23.62 | 19.90 | 20.22 | 16.36 | 2k.29 | 16.98 |21.10 |14.49 |[21.80 |13.87
& 18.45 | 15.87 | 15.92 | 12.70 | 18.02 | 13.05 |1%.78 [10.58 |15.24 ]10.52
90 10.4h 898 | 9k | T7.76 | 9.79 | 7.3L | T.9% | 5.70 | 7.77 | 5.79
100 0 Q 0 0 0 0 0 0 0 0
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TABLE TIT

VARTOUS BLADE CHARACTERISTICS

Stagger angle | Chord | Thickness | g 1441ty
Model (deg) (in.) ratlio c/e
t/c
1 45 6 .56 0.0488 6.626
55 6.56 .0488 5.248
60 6 .56 .0488 4 .620
2 b5 6.28 .0509 5.925
55 6.28 .0509 L .906
60 6.28 .0509 k,132
3 5k 5 .30 1226 3.118
h b7 6.90 0808 3.520
kg 6.56 1089 3.09%

21
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TABLE ITT

NACA RM L9GOT

COMPARISON OF THEORETICAL AND MEASURED MACH NUMBER

FOR THREE ANGLES OF ATTACK

o 8 M M
(deg) | (deg) | (theoretical) | (measured)
29.83 | 10.33 2.075 1.927
35.00° | 15.50 2.26 2.073
40.08 | 20.58 2.473 2.264
SNACA
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Figure 1.- Symbols defining blade geometry.
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Figure 2.~ The variation of local Mach number along the convex and
concave surfaces with percent chord for the different models.
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Figure 2.- Concluded.
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Figure 3.- Variation of local Mach number along the convex and concave
surfaces with local surface angle for the different models.
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Figure 3.- Concluded.
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BElxpansion
Compression ——————e——

Figure 4.~ . Characteristics net for model 1.



(a) Stagger angle, 45°,

Figure b.- Possible blade shapes for model 1.
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(b) Stagger angle, 55°,

Figure .~ Continued.
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(c) Stagger angle, 60°.

Figure 5.~ Concluded.
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Expansion
Compression

Figure 6.~ Characteristics net for model 2.
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(a) Stagger angle, 45°,
Figure 7.- Possible blade shapes for model 2.
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(b) Stagger angle, 55°.

Figure 7.- Continued.
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(c) Stagger angle, 60°,

Figure 7.- Concluded.
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Expansion
Compression
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Figure 8.~ Characteristics net for model 3.



Figure 9,~ Possible blade shape for model 3. Stagger angle, 540,
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Expansion — o— —
COompPTresSsion wme———

(a) No boundary-layer separation taken into consideration.

Figure 10.- Characteristics net for model 4.
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Expansion
Compression

(b) Boundary-layer separation taken into consideration.

Figure 10.- Concluded.
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(a) Blade corresponding to figure 10(a). Stagger angle, 47°.

Figure 11.- Possible blade shapes for model 4,
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(b) Blade corresponding to figure 10(b). Stagger angle, 50°.
Figure 11.- Concluded.
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Figure 12.- Schematic setup for first variable-span model,
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Figure 13.- Schematic setup for second variable-span model.
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Figure 1h.— Model mounted in test setup with one side wall removed.
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Figurs 15.— Model mourted in test setup with one side wall removed.
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Figure 16.~ Schematic test setup for models 1 and 2. Plane of survey for modal 1
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mgure 17.- Schematic test setup for models 3 and 4,
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Figure 18,- Schematic test setup for model used for detached shock,
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Figure 19.- The variation of local exit Mach number with distance from
convex surface for three area ratios for model 1.
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Figure 25.- Concluded.
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(a) B0-percent-span station.

Figure 28,- The variation of the average stagnation-pressure recovery with area ratio
for three static-pressure ratios for model 2.,
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(b) 10.15-percent-span station.

Figure 26.- Concluded.
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Figure 27.~ The variation of the average Mach number ratio with area ratio at three

NACA RM 19GOT

staticpressure ratios for model 2.
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Figure 28.- The variation of the average stagnation-pressure recovery with area ratio
-at three static-pressure ratios for model 2.
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Figure 29.— A shadowgraph of the flow in the passege et an area ratio of 1.273 for model 2.
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Figure 30.— A shadowgraph of the flow In the passage at an aree ratio of 1,175 for model 2.
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Figure 31,- A schematic diagi-am of the boundary layer and the secondary flow.
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Figure 32,~ The variation of the average exit Mach number with distance from convex

surface for model 3,
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Figure 33.~ The variation of the stagnation-pressure recovery with distance trom
convex surface for mode] 8.
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Flgure 34,- ‘The variation of the locel static-pregsure ratio with distance from convex

surface for model 3,
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Figure 35.— A shadowgraph of the flow in the passage at an area ratio of 1.208 for model 3.
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Figure 86.- The variation of the average exit Mach number with distance from

convex surface for model 4,
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Flgure 37.- The variation of the stagnation-pressure recovery with distance from
convex surface for model 4,
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Flgure 38,- The variation of the local static-pressure ratio with distance from
convex surface for mode] 4,
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(a) Passage corresponding to characteristics net shown in figure 10(a).

Figure 39.— A éhad.owgra.ph of the flow in the passage for model 4.
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() Passage corresponding to characteristics net shown in figure 10(b).

Figure 39.— Concluded.
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Figure 40.~ A photograph of the angle of attack setup without flow.
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Figure 41.~ A shadowgreph of the flow at an angle of attack of 29.83°,
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Figure 42.— A shadowgraph of the Tlow at an angle of attack of 35°,
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Figure 43.— A shadowgraph of the flow at an angle of attack of 40.08°.
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